Abstract: A dual-parameter sensor based on a liquid-infiltrated microstructured optical fiber (MOF) is constructed by selective liquid infiltration of one particular cladding air hole in the MOF. The fundamental core mode could be simultaneously coupled to several higher order modes of the adjacent liquid rod waveguide when the phase-matching condition is satisfied, resulting in the emergence of multiple resonance peaks with different sensing characteristics. Our proposed liquid-infiltrated MOF sensor has several advantages, such as high sensitivity and a large measurement range. Moreover, it is able to resolve the temperatureforce cross-sensitivity issue that is commonly encountered in most practically deployed sensing components.
Introduction
In recent years, guided-wave-based optical fiber devices have attracted tremendous research interests, amongst which much efforts have been put on those exploiting the mode coupling effect in fiber Bragg gratings (FBGs) as well as long-period fiber gratings (LPFGs) [1] - [3] . With the emergence of MOFs, the introduction of air holes in the cross section geometry in this type of optical fibers provides promising possibilities to establish novel mode coupling mechanism different from the single-mode-fiber-based (SMF-based) devices. For instance, single-polarization single-mode (SPSM) MOF has been proposed by using the index-matching coupling between the unwanted polarization mode in the asymmetric central core and the modes distributed in the cladding defect waveguides [4] , [5] .
As an important post-processing technique for MOFs, selective liquid infiltrating of air holes could equip the MOF-based devices with a good variety of novel functionalities such as optical tunability, high spectral sensitivity and flexible operation capability [6] , [7] . In prior to a few related work aiming to develop dual-core MOF sensors for the measurement of refractive index as well as biosensing applications [8] - [10] , in 2009 Wu et al. achieved a microfluidic refractive index sensor with a high temperature sensitivity of 11.61 nm= C by using the coupling between the fundamental core mode and LP 11 mode in the fluid-filled waveguide adjacent to the core region in a dual-core-like MOF [11] . And soon after, Wang et al. proposed another temperature sensor with a highly improved temperature sensitivity reaching 54.3 nm= C [12] . In both of the above temperature sensing schemes, the core LP 01 mode is coupled to only one rod mode in the liquid-filled waveguide, which leads to the generation of resonance peaks with extremely high temperature sensitivities. And moreover, in 2012 Wang et al. further achieved strain measurement based on the liquid-infiltrated MOF with the same air-hole infiltration configuration [13] . However, the temperature-strain cross sensitivity issue has not been well addressed in their work, and in addition, their temperature measurement range is too narrow, which severely limits the practical applications.
In this paper, we have proposed and experimentally demonstrated a liquid-infiltrated-MOF-based dual-parameter sensor by selectively infiltrating index-matching liquid into one of the air holes located in the air-hole layer secondarily close to the silica fiber core region. The fundamental core mode could be simultaneously coupled to several higher-order modes in the liquid rod waveguide, and we have firstly investigated its mode coupling characteristics. Theoretical analysis as well as experimental results indicate that the multiple-resonance-peaks present in the transmission spectrum possess different temperature and force sensitivities, which could be used for simultaneous dual-parameter discrimination. Our proposed fiber sensor has several advantages such as high sensitivity, large measurement range, and capability of resolving the temperatureforce cross sensitivity issue, which ensures its applicability for practical applications.
Experiment Setup and Modal Coupling Analysis
The MOF used in our experiment is fabricated by Yangtze Optical Fiber and Cable Company Ltd. It has an air hole diameter of 3.67 m and a hole-to-hole spacing of 6.36 m. One of the holes located in the air hole layer secondarily close to the fiber core region is infiltrated with the index-matching liquid having a RI of 1.52 (produced by Cargille Labs), which is higher than that of the background silica. The liquid possesses a temperature-RI coefficient of À4:07 Â 10 À4 RIU= C. Selective infiltration of the MOF is achieved by selectively blocking the air holes with UV curable polymer using the direct manual gluing procedure as introduced in detail in reference [14] and indexmatching liquid infiltration is performed based on the capillary phenomenon. The inset of gives the cross-section micrograph of the liquid-infiltrated MOF. The length of the liquid-infiltrating fiber segment is 7.6 cm, and after the liquid infiltration process, both of the fiber ends are cleaved and spliced with single-mode fibers (SMFs). In our experiment, before splicing the MOF with SMFs, two segments of air gaps are reserved at both ends of the liquid-infiltrated-MOF by controlling the infiltration time. And owing to the presence of air gaps, the infiltrated liquid could be well confined within the air hole chamber of the MOF during the splicing process and heat released by fiber splicing will not significantly affect the liquid material. Also, it should be noted that selective liquid infiltration of the MOF could be possibly achieved after the fiber splicing process by using the focused ion beam to mill microchannels under side laser illumination [15] . A supercontinuum light source is employed to provide broadband light covering a wavelength range from 600 to 1700 nm, and an optical spectrum analyzer is utilized to observe the transmission spectrum. In addition, a temperature oven is used to stabilize the temperature environment of the liquid-infiltrated MOF sensor, as shown in Fig. 1 .
The RI of the liquid used to infiltrate into the MOF is higher than that of the background silica, and therefore a liquid waveguide could form in the liquid-filled micro-hole to excite a certain number of rod modes, including LP 01 , LP 11 , LP 21 , LP 02 , and LP 31 . Based on the standard coupled-mode theory for directional couplers, when the phase-matching Á ¼ 1 À 2 ¼ 0 condition is satisfied, where 1 and 2 are the propagation constants of the modes in the core and the liquid rod waveguide, respectively, light propagating in the fiber core could be coupled to the liquid rod. Due to the absorption of light in the liquid rod waveguide, resonance peaks would appear around the phase-matching-determined resonance wavelengths, and owing to the different optical properties of higher-order liquid rod modes, the sensing characteristics of these dips are diverse from each other.
With the consideration of the material dispersion of the background silica and RI liquids, numerical simulations based on the finite element method (FEM) were performed to quantitatively investigate the mode characteristics of the liquid-infiltrated MOF. Fig. 2(a) shows the modal dispersion curves of the fundamental core mode and rod modes at 25.0 C. As the cutoff wavelengths of higher-order modes are normally located in the shorter wavelength region, the rod LP 31 mode is no longer supported when the operation wavelength is larger than $950 nm. The employed MOF is able to simultaneously support core LP 01 and LP 11 modes, however, the portion of the core LP 11 mode is much lower, and thus we have only investigated the mode coupling between the core LP 01 mode and the rod modes. It can be seen from Fig. 2(a) that the effective RIs of the rod LP 01 and LP 11 modes are much higher than that of the core LP 01 mode for the wavelength range from 800 to 1400 nm, and consequently the phase matching condition can never be satisfied within the observable wavelength range. Different from the above two rod modes, the phase matching conditions are fulfilled at 919.13 nm, 1212.42 nm, 1262.95 nm and 1279.52 nm for rod LP 31 , LP 02 , and LP 21 , modes, respectively. The calculated mode profiles of the typical modes supported by the liquid rod waveguide are illustrated in Fig. 2(b) .
Experimental Results and Discussion
The transmission spectrum of the liquid-infiltrated MOF at 25.0 C is shown in Fig. 3 . As could be seen, four obvious resonance peaks marked as dip A, dip B, dip C and dip D are simultaneously present, which is in good agreement with the calculated results in Fig. 2(a) . However, the above experimentally observed transmission dips are located at 878.41 nm, 1236.73 nm, 1295.70 nm, and 1313.08 nm, respectively. The slight deviation of the experimentally measured dip wavelengths from the calculation results is mainly attributed to the RI uncertainty of the standard RI liquid (nominal value of 1.5200 AE 0.0002) and the difference between the actual geometrical parameters of the MOF employed in our experiment and the values used in the theoretical calculation. It should be also noted that the resonant amplitudes of the transmission dips are relatively small, which results from the low strength of the mode coupling between higher-order rod modes and the core modes. Additionally, some weak interference fringes are also observable in the transmission spectrum, which is caused by the two splicing joints between the MOF and the SMF. Fig. 4(a) shows the transmission spectra of the liquid-infiltrated MOF under different temperatures. It is obvious that all of the transmission dips exhibit blue-shift as temperature increases. The resonance peak wavelength as a function of temperature is illustrated in Fig. 4(b) . It can be seen that the peak wavelengths of dip A, dip B, dip C, and dip D show good linear temperature responses with respective temperature sensitivities of À3:056 AE 0:008 nm= C, À4:671 AE 0:014 nm= C, À4:795 AE 0:017 nm= C, and À4:986 AE 0:015 nm= C. Based on the FEM, the modal dispersion curves of the rod LP 31 , LP 02 , and LP 21 modes at 25.0 C and 45.0 C have been calculated, as shown in Fig. 5(a) . Since the temperature-RI coefficient of the liquid is almost one order higher than that of silica, the dispersion curve of the core LP 01 mode maintains unchanged. As shown in this figure, the resonance wavelengths shift toward shorter wavelength region with the increment of temperature, which is in agreement with our experimental observation. Fig. 5(b) shows the simulation result on temperature dependence of the resonance peak wavelength. It could be calculated that the theoretical temperature sensitivities reach À3:059 nm= C, À4:412 nm= C, À4:513 nm= C, and À4:696 nm= C for the above four transmission dips, respectively, which are in accordance with the experimental results given in Fig. 4(b) . As another fundamental physical parameter, the influence of axial force on the spectral characteristics for the liquid-infiltrated MOF has also been investigated. Fig. 6(a) shows the transmission spectra of the liquid-infiltrated MOF with the increment of applied axial force. It is clear that all of the four transmission dips shift toward longer wavelength region with different force sensitivities of 2.423 nm/N AE 0.146 nm/N, 3.775 AE 0.122 nm/N, 4.121 AE 0.197 nm/N, and 3.867 AE 0.114 nm/N, respectively, as shown in Fig. 6(b) . The geometrical parameters, including the air hole diameter, the hole-to-hole spacing and the size of the fiber will change with the variation of the applied axial force. And similar to the temperature response of the resonance wavelengths caused by different temperature dependences of the core mode and liquid rod mode effective indexes, the redshift of the resonance peaks with the increment of applied axial force could be attributed to the different effective refractive index change rates of silica core and liquid rod modes due to the different area reduction rates of the core region and liquid-filled waveguide as the applied strain increases. Moreover, considering the silica fiber possesses a Young's modulus of about 7:452 Â 10 10 N/m [16] , the above force sensitivities could be roughly converted into the strain sensitivities of 2:216 pm=" AE 0:134 pm=", 3:452 pm=" AE 0:112 pm=", 3:769 pm=" AE 0:180 pm=", and 3:536 pm=" AE 0:104 pm=", respectively, which are comparable to those of the fiber-grating-based strain sensors reported in references [17] and [18] . Since all of the transmission dips show linear and discriminable sensitivities to temperature and force, the liquid-infiltrated MOF can be utilized to measure temperature and force simultaneously by using a matrix equation similar to that used in reference [19] , [20] . Accordingly, we have successfully resolved the temperature-force cross sensitivity issue present in the work reported in references [11] - [13] . Actually, within the wavelengthinterrogation regime, there are generally two ways to resolve the temperature cross sensitivity issue for strain sensors. One is to employ two independent optical components with different temperature and strain sensitivities for simultaneous dual-parameter measurement [21] . Or more simply both of the optical components are exposed to the same temperature environment to achieve temperature compensation like the work reported in reference [22] . In this work, two fiber Bragg gratings with different resonance wavelengths are simultaneously employed. One of the gratings is strained and the other one is unstrained, while both of the gratings are exposed in the same temperature environment. In this case, the wavelength interval between the two resonance wavelengths are only dependent on the applied strain and the influence of temperature variation is compensated. In the other commonly used approach, only one optical component possessing resonance peaks with different temperature and strain sensitivities is employed. And by establishing the sensing matrix, temperature and strain could be simultaneously determined [19] , [20] . And the dual-parameter sensor proposed in this work belongs to the latter category, which has simpler structure compared with their counterpart consisting of two optical components. In addition, our proposed device shows better sensitivities compared to the temperature-force sensors presented in references [21] , [23] , and [24] . Finally, the measurement range has also been greatly expanded compared to our previous work [25] .
Conclusion
In summary, we have proposed and experimentally demonstrated a novel optical fiber sensor for simultaneous measurement of temperature and force based on selective liquid infiltration of one air hole in the MOF cross section. The theoretical as well as experimental results indicate that the fundamental core mode could be simultaneously coupled to several higher-order modes in the adjacent liquid rod waveguide, resulting in the emergence of multiple resonance peaks with different sensing characteristics. Our proposed sensor with relatively high sensitivity and capability of resolving the temperature-force cross sensitivity can be used in practical fiber-optic sensing applications with great promise. 
